Introduction
Alloys, consisting of a matrix solvent element and an additive solute element, are fundamental and versatile material systems, dating from bronze wares in ancient time until the numerous products in modern industries. [1] [2] [3] Beside the academic challenge of crossing the binary barrier, ternary alloys have gained more and more attention as they may have outstanding properties as structural and functional components in various applications. For example, stainless steel containing 18-20 at% of chromium and 8-10.5 at% of nickel is used for constructions, machinery, and vehicle components. [4] Ni-Al-X (X: Re, W) ternary alloys are crucial for aircraft engines operating under extreme conditions. [5] an analytical derivation. [25] However, Guttmann's model considers the reduction of surface energy as the only driving force of the segregation, regardless of the chemical bonding between constituting elements. In Wynblatt's model, in addition, elastic strain energy is taken into consideration, but a gas atmosphere, was not included. [26] Monte Carlo simulation based on modified embedded atom method studies of surface segregation is also performed, mostly applying to in vacuum condition. [27, 28] As already shown for binary alloys used for hydrogen separation, both hydrogen adsorption on the surface and absorption in the bulk may affect the thermodynamic equilibrium state, thus changing the surface segregation behavior. [29, 30] Yet, the surface segregation of Pd-based ternary alloys in both vacuum and hydrogen atmosphere is not well studied and understood.
In the present work, Pd-Cu-Ag and Pd-Cu-Mo alloys were selected for surface segregation investigation, as they potentially could be used in hydrogen separation membranes. Surface segregation was investigated in both vacuum and hydrogen gas atmosphere by XPS and LEISS, thereby probing different depths below the surface. Besides that, a thermodynamic model was developed based on the atom exchange approach to understand and predict surface segregation of ternary alloys in vacuum and in hydrogen gas atmosphere. The interaction between solute elements in ternary alloys and the role of the hydrogen gas atmosphere were investigated.
Thermodynamic Modeling

Equilibrium Segregation of the Outermost Atomic Layer
Surface segregation of ternary alloy M-A-B (M is the solvent element, which is Pd here, while A and B are two different solute elements) can be expressed as [25] ( ) (1) where x i surf is atomic fraction of solute element in the outermost atomic layer, x i bulk is bulk atomic fraction, T is the absolute temperature at which the equilibrium is obtained, and R is the gas constant. The effect of segregation enthalpy is considered in the exponent part, while the effect of entropy is implied by the atomic fraction at the surface and in the bulk of the alloy as a standard solution. Notably, only configurational entropy is taken into consideration, while effect of vibrational and electronic entropy is neglected. Consequently, when ΔH seg < 0, segregation of solute will occur, and when ΔH seg > 0, segregation of solvent will occur.
Segregation Enthalpy: Atom Exchange Approach in Vacuum and Hydrogen
Segregation in Vacuum
ΔH seg can be determined by atom exchange between the outermost surface and the bulk. [3] Therefore, ΔH seg is mainly deter-mined by the change of configurational energy during atom exchange and the related elastic strain energy [25] H Zx
where the subscript i, j = A, B represent the corresponding elements. γ is the surface energy of pure metals, and σ is the atomic surface area related to the atomic volume. Z l and Z v are numbers of nearest lateral and vertical neighbors, respectively. ω is the alloy parameter, which is related to the mixing enthalpy (ΔH mix ) of the so-called "sub-binary alloys," A-M, B-M, and A-B, in the ternary alloy
where Z = Z l + 2Z v is the total number of nearest neighbors and x i (x j ) is the atomic fraction of the corresponding element. For example, Z is 12 for FCC Pd-based alloys. For ternary alloys, ω′ is related to the alloy parameter of the three sub-binary alloys by
The calculation of the mixing enthalpy of the sub-binary alloys will be introduced in Section 2.3, where an extension of Miedema's model is also proposed.
The elastic strain energy H ij ( ) elastic Δ was calculated according to [3] 
where K i , G i , and V i represent the bulk modulus, shear modulus, and molar volume of the corresponding metal i, respectively.
Segregation in Hydrogen Atmosphere
The effect of hydrogen adsorption on the surface and absorption in the bulk on the segregation enthalpy can be included as [23] γ σ γ σ ω
where θ is the adsorption coverage of H atoms on the surface (the molar ratio between hydrogen atoms adsorbed on the surface and the total surface metal atoms), ε i is the adsorption energy of the corresponding solute element i. In the present work, a hydrogen atmosphere is considered, adsorption of other gas molecules can also be included by adapting the adsorption energy ε i and θ. x H is the concentration of absorbed H atoms in the bulk (the molar ratio between hydrogen atoms absorbed in the bulk and the total metal atoms) and H i H in sol Δ is the formation enthalpy of the corresponding metal hydride.
Mixing Enthalpy: Extended Miedema's Model
Miedema's model has been successfully applied to calculate the mixing enthalpy of binary alloys of transition metals. [3] Most of previous calculations of mixing enthalpies of ternary alloys are made by means of extrapolation from sub-binary alloys. [31] For example, Zhang and Jesser developed a model using the mole-fraction weighted average of mixing enthalpy of subbinary alloys to obtain those of ternary alloys; configurational energy and elastic strain energy were both considered. [32] However, it was not clear how to asymmetrically select the solute and solvent elements in the alloy. Ouyang et al. reported a socalled "geometric Miedema's model" (GMM) to symmetrically deal with the sub-binary alloy couples and then calculated the mixing enthalpy of Fe-Al-RE ternary alloys. [33] In both models, the effect of the third element on the selected sub-binary system was not included. To overcome this issue, a "two-step Miedema's model" (TSMM) was proposed by Wang et al.: first calculate the mixing enthalpy of the sub-binary alloy A-B, considering it as a new "binary" element AB, with the atomic fraction weighted average properties of A and B, and then, add the effect of a third element C by another step of mixing enthalpy calculation for AB-C "alloy." [34] Comparing with previous models, a better estimation of the mixing enthalpy of Al-Ni-Y ternary alloys has been achieved, although the effect of elastic strain energy was simplified by a single-parameter correction.
In this work, a combination of GMM and TSMM was developed, in which both the configurational energy and elastic strain energy in the mixing enthalpy of sub-binary alloys were calculated symmetrically, while also the effect of the third element has been included.
According to the geometric model, the formation enthalpy of ternary alloys can be expressed as [33] 
where ΔH ABM is the formation enthalpy of the ternary alloy. ΔH AM , ΔH BM , and ΔH AB are the formation enthalpies of the three sub-binary alloys. x A , x B , and x M are the atomic fractions of corresponding elements, y ij i and y ij j are the atomic fractions of elements i and j in the sub-binary alloys. They can be extrapolated from the composition of ternary alloy: . Therefore, they were expressed as following [33] y
and
where H i j in sol Δ is the solution enthalpy for element i in j. The latter can be easily obtained by Miedema's model for binary alloys. Then, the mixing enthalpy of the three sub-binary alloys can be calculated symmetrically as
Effect of the third element can be accounted for in the same way. The model considers the sub-binary alloy as a new kind of metal with average properties of the two elements [34] H
x
Finally, the mixing enthalpy of the sub-binary alloys are obtained from
The contribution of elastic strain energy is considered by
3. Results
Elemental Composition and Phase Structure of the Samples
First, X-ray microanalysis with scanning electron microscopy (SEM) using energy dispersive spectrometry (EDS) confirms the elemental uniformity of both Pd alloy samples and the quantitative analysis also provides their actual composition. As shown in Table 1 , the actual composition is quite similar with the as-designed composition. The difference is less than 1%.
Besides, X-ray diffractometry (XRD) revealed that both samples are single-phase FCC (PDF 00-005-0681 ICDD, 2019) with a weak rolling texture {220}〈112〉. No diffraction peaks of alloying elements nor oxide phases were observed. The grain size of the samples was estimated to be around 50 nm using the Williamson-Hall plot analysis.
Segregation of Near-Surface Region by XPS
By comparing the XPS results before and after annealing, the segregation trend in the near-surface region can be investigated. The XPS results in Table 2 show that a hydrogen gas atmosphere definitely has an effect on the segregation in the nearsurface region. Specifically, for Pd-Cu-Ag ternary alloy, there is a strong segregation of Ag in both vacuum and hydrogen, yet quantitatively the difference is about 5-10%. Similar results have been reported by Tarditi and Cornaglia, [20] although the atmosphere is not the same as in our work. However, for
Pd-Cu-Mo ternary alloy, irrespective of the environment, i.e., in vacuum or in hydrogen gas, the change of Cu and Mo fraction in the outermost atomic layer is less than 3%. The annealing temperature also affects the surface composition, but the segregation trend remains unchanged.
Segregation of Outermost Atomic Layer by LEISS
Segregation of the outermost atomic layer was characterized by LEISS and the results are shown in Figure 1 . By normalizing and multi-peak fitting, the elemental composition of the samples before and after segregation can be calculated with [35] x
where Figure 2 . The hydrogen gas atmosphere completely reverses the segregation in the outermost atomic layer of Pd-Cu-Ag ternary alloy. There is co-segregation of Cu and Ag in vacuum, but a strong segregation of Pd in 1 bar H 2 gas. However, for the Pd-Cu-Mo alloy, Pd segregation is observed in both vacuum and 1 bar H 2 gas, the atomic fraction of Mo is reduced, while that of Cu is barely changed. In contrast with the XPS results, LEISS data suggest that the segregation in the outermost atomic layer is not following the same trend with that in the near-surface region. Furthermore, segregation at 1000 K for 1 h is always stronger than at Adv. Mater. Interfaces 2020, 1901784 800 K for 4 h, which is related to the kinetics of atomic diffusion. The experimental results reveal that the surface composition is still changing slowly after annealing at 800 K for 4 h, while it is stable after annealing in 1000 K for 1 h. Thus, at 800 K for 4 h the system did not reach equilibrium.
Discussion
Calculation of Surface Segregation in Vacuum
By the model proposed in Section 2, the elemental composition of the outermost atomic layer of the two investigated alloys upon segregation in vacuum is calculated first. As shown in Table 3 , the calculation predicts co-segregation of Cu and Ag in the Pd-Cu-Ag ternary alloy, while it predicts segregation of Pd in the Pd-Cu-Mo ternary alloy. The surface orientation will not change the trend of segregation, it only has a slight influence on the composition, i.e., the difference between the calculated surface composition for the (111), (110), and (100) planes is less than 3%. The calculations also show that the higher the temperature, the less the segregation, which is because of the entropy effect in the Langmuir-McLean segregation equation (Equation (1)).
Since segregation might be limited by the diffusion kinetics at 800 K as mentioned above, the experimental results at 1000 K were used to compare with our model predictions. As can be seen in Table 3 , qualitatively our model provides good prediction for the Pd-Cu-Ag ternary alloy, i.e., co-segregation of Cu and Ag. Quantitatively, the surface atomic fraction of Ag is well-predicted, while that of Cu is higher than the experimental result. For the Pd-Cu-Mo ternary alloy, the model predicts that no Cu or Mo will be present in the outermost atomic layer, which is much lower than the observed composition.
In order to extend the scope of the discussion, the calculation was made for a wider range of compositions. For example, the surface composition of Pd-Cu-Ag alloy upon segregation is shown in Figure 3 , in which the atomic fraction of Cu and Ag ranges from 5% to 30%. Clearly, there is a substantial effect of the bulk composition on the segregation of Cu and Ag. The increase of the bulk atomic fraction of one solute element reduces the surface atomic fraction of the other solute element. On the other hand, the surface segregation of Pd-Cu-Mo alloy was also calculated within the atomic fraction range of 1-10% for Cu and Mo. However, the surface fractions of Mo and Cu are always close to zero. Clearly, the surface segregation of the two solute elements in ternary alloys is not always independent but can strongly influence each other.
Comparison between the Surface Segregation of Binary and Ternary Alloys
For binary alloys, the reduction of the surface energy is the most important driving force of surface segregation, which indicates that the element with lower surface energy usually tends to segregate to the surface, although the elastic strain energy and chemical bonding energy are also of influence. [36] Adv. Mater. Interfaces 2020, 1901784 For example, in the Pd-Ag and Pd-Cu binary alloys, the segregation of Ag and Cu in vacuum have been proven by experiments, while Pd segregation in the Pd-Mo binary alloys has also been predicted due to the much higher surface energy of Mo. [23, 37, 38] However, as mentioned above, the interaction between two solute elements makes the situation much more complicated in ternary alloys. In general, the interaction, either attractive or repulsive, between two kinds of solute elements results in different segregation behaviors in ternary alloys: co-segregation, sitecompetition, and blocking. [27] Theoretically, an attractive atomic interaction may lead to co-segregation or blocking, as two kinds of solute element atoms prefer to be "together," while a repulsive atomic interaction may lead to site-competition, since they prefer to be "separate."
In order to understand the effect of solute interaction on the surface segregation of Pd-Cu-Ag and Pd-Cu-Mo ternary alloys, surface segregation of the related sub-binary alloys was also calculated at 1000 K in vacuum. As shown in Table 4 , the segregation of Cu is moderately enhanced, and the segregation of Ag is strongly suppressed in Pd-Cu-Ag ternary alloy in contrast with Pd-Cu and Pd-Ag binary alloys with the same solute fraction. This is clearly site-competition behavior, in which Cu atoms won more surface sites. This is also in agreement with the result shown in Figure 3 . By contrast, Ag has lower surface energy and lower mixing enthalpy with Pd than Cu, both increase its segregation tendency. Therefore, the only possible reason of the site-competition result is the elastic strain energy. Since Pd and Ag have almost the same size and elastic moduli, the much larger elastic strain energy drives the Cu atoms to the surface. Note that Pd-Cu and Pd-Ag binary alloys are single phase with an FCC structure within 800-1000 K, but Cu-Ag binary alloys have a two-phase region, which may have some effect on the calculated results. [39] [40] [41] For Pd-Cu-Mo, with 10 at% of Mo, Pd-Mo alloys form a single phase solid solution having an FCC structure. [42] In both Pd-Mo and Pd-Cu-Mo alloys, the model predicts that Mo has a strong preference to remain in the bulk, which can mainly be attributed to its much higher surface energy. [3] However, the calculation shows that less Cu will be at the surface upon segregation in the Pd-Cu-Mo ternary alloy. A possible explanation is the large positive mixing enthalpy of Cu-Mo. According to the phase diagram, Cu and Mo are completely immiscible below 1350 K. [43] Furthermore, the atom fraction of Cu and Mo is 5% and 10% in the Pd-Cu-Mo ternary alloy, which is lower than the 30 at% Cu and 10 at% Ag in the Pd-Cu-Ag ternary alloy. Therefore, Cu and Mo atoms may not be randomly distributed in the Pd matrix, which means that the interaction between Cu and Mo is likely overestimated in our calculations.
In our model, the solute interaction in ternary alloys is accounted for by ω AB in Equation (3). As a simple approximation, a proportional factor is introduced to evaluate the effectiveness of Cu-Mo interaction on the surface segregation
Clearly, a smaller χ corresponds to less interaction between the solute elements. Thus, χ = 0 represents a mixture and random distribution, while χ = 1 corresponds to strong interaction between two solute elements.
As shown in Table 5 , χ indeed has a strong influence on the surface atomic fraction of Cu upon segregation. When χ = 0 and 0.25, the calculation suggests segregation of Cu, which is in agreement with our experimental results; when χ > 0.25, the interplay between segregation of Cu and Mo is overestimated, therefore the calculation suggests no Cu at the surface. It can be concluded that the atomic interaction between solute elements and the interplay between their segregation have a significant effect on the surface segregation of ternary alloys. For different ternary alloys, this effect can also be quite different. Notably, χ here is a fitting parameter.
Effect of Hydrogen Atmosphere on the Surface Segregation
Segregation of ternary alloys in hydrogen atmosphere was also calculated for 1000 K. In order to separately discuss the effect of hydrogen adsorption on the surface as well as the absorption in the bulk, two series of situations are considered; first the adsorption coverage θ and next the absorption concentration x H Adv. Mater. Interfaces 2020, 1901784 were varied independently. In view of the results in vacuum, see Section 3.2, χ = 0.25 is chosen again for the calculations for the Pd-Cu-Mo ternary alloy. The effect of hydrogen adsorption was first considered without absorption (x H = 0). As shown in Figure 4a ,c, the increase of hydrogen adsorption (0 ≤ θ ≤ 1) can enhance the segregation of Pd in both alloys, leading to lower atomic fractions of solute elements in the outermost atomic layer. This is mainly because of the higher adsorption energy of H atoms on Pd than on the solute elements. [44] Furthermore, hydrogen absorption (0 ≤ x H ≤ 0.2) was additionally considered on the basis of θ = 0.5, corresponding to the half-covered adsorption. It also increases the surface atomic fraction of Pd, as shown in Figure 4b,d . In summary, segregation trends of Cu and Ag are reversed in a hydrogen gas atmosphere for both ternary alloys, while the atomic fraction of Mo remains almost 0 at various conditions.
According to the literature about metal-hydrogen phase diagram, there would be almost no hydrogen absorption (x H < 0.01) in Pd-Cu-Ag and Pd-Cu-Mo ternary alloys at 1 bar H 2 gas pressure and at temperatures within the range of 800-1000 K. [45, 46] Therefore, it can be concluded that hydrogen adsorption on the surface reverses the segregation behavior of Cu and Ag in the Pd-Cu-Ag ternary alloy by increasing the Pd atomic fraction of the surface. This is in good agreement with the experimental results; see Figure 2 . The effect of hydrogen adsorption on the segregation behavior of Pd-Cu-Mo ternary alloy is small, since Pd segregation is already occurring in vacuum.
Depth Profile Analysis of the Surface Segregation
The depth profile of surface segregation can be evaluated by comparing the XPS and LEISS results; see Tables 2 and 3 . It is quite obvious that the trend of segregation in the near-surface region and the outermost atomic layer of ternary alloys is not always the same, especially for Pd-Cu-Ag in the present work. The LEISS results show a co-segregation of Cu and Ag on the outermost atomic layer. However, XPS with an analysis depth of about ten atomic layers indicates that there is only segregation of Ag in this region. The atomic fraction of Cu is even lower than that in the bulk. This can be explained again by the Adv. Mater. Interfaces 2020, 1901784 site-competition behavior. For Pd-Cu and Pd-Ag sub-binary alloys, both Cu and Ag tend to segregate to the surface. As a result, both Cu and Ag are rich in the near-surface region as a "sub-surface layer." [47, 48] Then, the experimental result suggests that there is an additional step of segregation in this layer, in which Cu occupies more sites on the outermost atomic layer by exchanging with Ag underneath. Consequently, there are a Curich outermost atomic layer and an Ag-rich in the near-surface region, which fits perfectly with our experimental results. This phenomenon is not noticeable for Pd-Cu-Mo ternary alloys since the segregation is not so strong as in the Pd-Cu-Ag ternary alloy.
Application of the Model to Other Ternary Alloys
Ternary alloys are widely used and surface segregation is a common phenomenon in these alloys. In order to verify the model proposed, the surface segregation behavior of four other ternary alloys is also predicted. The results are compared with experimental or computational results from publications, as listed in Table 6 . [27, [49] [50] [51] The calculations were performed at the temperatures reported in the corresponding literature and using the same crystal structure. Specifically, Fe-Cr-Ni, Cu-Ag-Au, and Pt-Pd-Rh alloys have FCC structure at the corresponding temperature, while Ni-Al-Cu has a BCC structure. The segregation behaviors predicted by our model are in good agreement with the results reported in literature, while quantitatively, specific surface compositions upon segregation show some differences with the experimental results. Notably, some of the characterizing methods may not measure the composition of the outermost atomic layer. In general, our model can be used as a semiquantitative method to predict the surface segregation behavior of single-phase ternary solid solutions.
Conclusion
Surface segregation of Pd-Cu-Ag and Pd-Cu-Mo ternary alloys was experimentally investigated by XPS and LEISS in both vacuum and hydrogen atmosphere. A thermodynamic model was proposed to understand and enable prediction of segregation behavior in ternary alloys. In vacuum, interaction between the two solute elements is proven to have a strong impact on the segregation behavior. Site-competition of Cu and Ag is observed in a Pd-Cu-Ag ternary alloy, leading to a different trend of segregation in the near-surface region and on the outermost atomic layer. Whereas the influence between the segregation of Cu and Mo in Pd-Cu-Mo ternary alloy is limited due to the relatively weak interaction between Cu and Mo. In a hydrogen gas atmosphere, it is the hydrogen adsorption on the surface that reverses the surface composition from solute segregation in vacuum to Pd segregation. These results provide basic guidelines to design hydrogen separation membranes with better surface stability. The proposed thermodynamic model for the surface segregation of ternary alloys is generic and thus can be applied to predict the segregation behavior of other single-phase ternary alloys.
Experimental Section
The surface segregation of Pd-Cu-Ag and Pd-Cu-Mo ternary alloys was experimentally investigated. The samples were manufactured (Chempur, Karlsruhe, Germany) by arc-melting and cold-rolling yielding a thickness of 100 µm and nominal compositions as listed in Table 1 . The surface was polished by an oxide polishing suspension with a particle size of 0.05 µm. The actual bulk composition of the samples was determined with X-ray microanalysis (XMA) using EDS (Thermo Fischer Noran System 7, USA) in an SEM (JEOL JSM 6500F, Tokyo, Japan). The samples were characterized by XRD (Bruker AXS GmbH D8, Karlsruhe, Germany; 50 kV, 1000 mA, Cu kα radiation, 1.5406 Å). Lattice constants of the samples are also listed in Table 1 and no impurity phases could be detected. A clean surface of the samples was obtained by Ar + ion sputtering and short-time recovery at 800 K for 60 min in UHV chamber (base pressure < 10 −7 Pa). XPS and LEISS (Perkin Elmer PHI 5400 ESCA, Eden Prairie, USA) were used to determine the initial elemental composition of the clean surface. Then the samples were transferred under vacuum to the annealing chamber and annealed at 800 K for 4 h and 1000 K for 1 h, respectively, to evoke surface segregation, in both vacuum and 1 bar H 2 . The heating was realized by focused white light to eliminate the contaminations from heating units in common furnaces. The cooling rate was in the range of 100 K min −1 , therefore diffusion during cooling process could be ignored. After cooling down, the samples were transferred back to the XPS analysis chamber and the surface composition upon segregation was measured. Specifically, the spectra were obtained using a nonmonochromatic Al Kα radiation at 200 W and 13.1 kV. The main photoelectron lines of each element in the samples (Pd 3d, Cu 2p, Ag 3d, and Mo 3d) were recorded with a step size of 0.5 eV and a dwell time of 100 ms using a spherical capacitor analyzer set with a pass energy of 71.55 eV. The photoelectrons were observed with the analyzer input lens at 45° with respect to the sample surface normal. Then, the composition was quantified from the peak area of the photoelectron lines after Shirley background subtraction and adopting the corresponding sensitivity factors. XPS gave compositional information coming mainly from a depth of the inelastic mean free path, which is 10-20 Å for related elements, corresponding to about ten atomic layers. [20] LEISS spectra were taken with 1 keV 3 He + incidence with a low current of 500 nA to minimize the ion bombardment. Then, the elemental composition of the outermost atomic layer could be determined by the intensity of Gaussianfitted peaks corresponding with each element. By comparing the surface composition before and after annealing, the surface segregation in vacuum and hydrogen was determined.
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Adv. Mater. Interfaces 2020, 1901784 Table 6 . Comparison between the calculated and literature reported results for surface segregation in several ternary alloys. [26, [48] [49] [50] The compositions are given in atomic percent of the corresponding element in the alloy.
Alloy
Temperature Literature method Surface composition Literature Calculation (in this work) Fe72-Cr20-Ni8 723 K Atom probe Fe52Cr34Ni 14 Fe62Cr29Ni9
Cu92-Ag1-Au7 800 K AES a) Cu13Ag85Au2 Cu78Ag20Au4
Ni50-Al40-Cu10 1000 K Monte Carlo Ni0Al62Cu38 Ni2Al87Cu11
Pt83-Pd15-Rh2 1200 K Monte Carlo Pt74Pd26Rh0 Pt47Pd52Rh1 a) Notably, AES may not measure the composition of the outermost atomic layer.
